A theoretical study of the non-equilibrium phase transition in a steam-drop medium has been carried out. The previously proposed model has been refined, taking into account the influence of the vapor phase. Comparative numerical simulation of the superheated liquid outflow was performed on thermodynamic equilibrium and non-equilibrium relaxation models of the phase transition for different times of relaxation, calculated based on the experimental data on the droplet distribution over the radius. The work has revealed the possibility of improving the model by processing the experimental data on the size distribution of drops formed during fragmentation of a boiling water jet.
INTRODUCTION
During depressurization of vessels and pipelines in power plants filled with water under high pressure, superheated water is released with a sharp pressure decrease in the breakup area (Reshetnikov et al., 2000; Hoffmann et al., 1981) , causing compression wave generation in the surrounding space and further formation of a boiling coolant jet (Alekseev et al., 2014) . With increasing working pressures and temperatures to supercritical states the processes of depressurization and outflow may cause both rapid evaporation and condensation .
The process of coolant adiabatic expansion is, as a rule, in non-equilibrium, and its description requires, for example, a thermodynamically non-equilibrium two-temperature model of steam-water mixture motion (Artemov et al., 2015) . When simulating vaporization under real conditions it is necessary either to set the parameters of the heterogeneous bubbling mechanism (e.g., Bolotnova and Korobchinskaya, 2017) or to use a different relaxation approach (Downar-Zapolski et al., 1996) . In particular, in Bolotnova and Korobchinskaya (2017) , the set of empirical parameters was the number of completed centers of vaporization with the addition of asymptotic models of bubble growth. Since only the bubble structure is used to describe the two-phase medium, this approach becomes inappropriate at large (α > 0.3-0.5) volumetric steam quality. A widely used empirical relaxation model (Downar-Zapolski et al., 1996) is based on the processing of stationary experiments on boiling water outflow. This model leads to nonphysical asymptotic results (for example, to an increase in the relaxation time θ at the system tendency to thermodynamic equilibrium) . In addition, it cannot be used for conditions of vapor condensation, because the vapor is considered as saturated. Therefore, the objectives of the present work are the following:
• Refine the relaxation model of a monodispersed droplet vapor-liquid medium (Lezhnin et al., 2017) , which can be used for very large volumetric vapor contents; and for the case of a polydispersed drop structure using experimental data on the droplet size distribution.
NUMERICAL MODEL

Governing Equations
The outflow simulation is obtained as follows. During the initial time in a long pipeline, there is water under supercritical pressure, which is heated above the saturation temperature and is consistent with the atmospheric pressure. A complete end rupture of the tube occurs, and the superheated fluid outflows into the ambient medium. Numerical simulation is obtained at the no-slip phase (homogeneous model); however, the vapor and liquid phases can be in a metastable state (thermodynamical non-equilibrium model of phase transitions). The system of model equations includes the continuity, Euler, and energy equations in an axisymmetric approximation:
with the addition of the equation of interfacial mass transfer:
where z and r are the axial and radial coordinates, respectively; u and v are the axial and radial components of velocity, respectively; ρ is the density; p is the pressure; E is the specific energy; X is the mass content of steam; X S is the equilibrium mass content of steam (at given p and E); and Γ is the rate of vapor generation. The system of Eqs. (1)- (5) is closed by the equation of state (the relationship between p, E, ρ, and X). The parameters of the water coolant are calculated using the tabular Taylor series expansion package (Watanabe and Dooley, 2003) .
To select the relaxation time θ, Lezhnin et al. (2016) proposed a model intended only to describe the nonequilibrium boiling process. The model was built based on solving the heat problem in superheated water drops. To use the non-equilibrium model both at evaporation and condensation, the equation of state of the two-phase medium [p = F (ρ, E, X)] was significantly modified for the case of the possible existence of supercooled steam in the mixture. Alekseev et al. (2016b) assumed that vapor is always saturated at this pressure. When calculating at the thermodynamic equilibrium approximation (small relaxation times) it was assumed that X = X S (p), and the state equation took the form p = F (ρ, E).
To solve the system of Eqs. (1)- (5) we used the software package presented in Boris et al. (1993) , which is based on a differential monotone conservative method of flow correction. The boundary conditions of free inflow-outflow were set on all borders of the external medium and at the pipe inlet. Non-permeability and slip conditions were set on the pipe wall. When solving the system of equations, a uniform computational grid with a step of 0.1D was applied (where D is the diameter of the pipeline, which was taken to be equal to 40 mm). A detailed description of the initial and boundary conditions is given in Alekseev et al. (2016a) .
Features of the Relaxation Model
Formula (6) has been used previously in various phenomenological models (for example, in Downar-Zapolski et al., 1996; Artemov et al., 2015; Lezhnin et al., 2016) :
where θ is the relaxation time (selection of this parameter requires special analysis). The heat exchange model used in Lezhnin et al. (2016) did not take into account the heat flux from the vapor phase to the interface, which is unacceptable at very large volumetric steam quality of the medium (in this case, when the mass content of the vapor does not differ much from a moderate or large value). In Lezhnin et al. (2017) , this approach was modified using a cellular model and expanded for any vapor content. It was also shown in Lezhnin et al. (2017) that if the liquidvapor system was in equilibrium and the pressure jumped instantaneously, then in order to establish equilibrium, condensation will occur when the following inequality is satisfied:
Here, β = −(∂ρ/∂T ) P /ρ is the isobaric coefficient of volumetric expansion. It is interesting that after a sudden increase in pressure, the vapor and liquid temperatures tend to a new equilibrium temperature from different directions; the vapor temperature drops and the liquid temperature increases (Fig. 1) . Condition (7) coincides with the known condition of the thermodynamics of equilibrium vapor-liquid systems, C X > 0, where C X is the heat capacity at constant vapor wetness.
In the simulation, it was also necessary to use a strong limitation of the remaining number of droplets per unit mass of the mixture. This paper offers a modification of this model and eliminates existing disadvantages. According to the cellular model, at the microlevel of a thermally insulated cell comprised of a droplet and surrounding vapor, a second-order relaxation equation with two times the relaxation may be obtained (Lezhnin et al., 2017) : At high volumetric and moderate mass vapor contents, τ V may be close to τ L (Fig. 1) . Therefore, in the general case, and remaining within the framework of classical equations of the first order of the following form:
for θ it is necessary to propose some kind of interpolation ratio, for example,
To compare different relaxation approximations we calculated the time-dependent steam qualities X at the thermodynamic equilibrium setting, that is, at T L , T V → T S (p) and X → X S (p). Analysis of the calculations shows that if X 0 < 0.1, when τ V ≪ τ L all approximate solutions are close to the exact one. The increase in initial steam quality leads to close values of τ V and τ L , and the approximate solutions significantly differ from the exact one (Figs. 2  and 3 ). The solution with m = 2 may be considered the most acceptable for all cases. In particular, Figs. 2 and 3 clearly show that calculation with exponents 1 and 3 leads to a more significant difference from the exact solution. The calculations, the results of which are shown in Figs. 2 and 3, were carried out with the following parameters: T 0 = 500 K, p 0 = p S (T 0 ) = 2.65 MPa, ∆T = ± 12 K (evaporation or condensation), and R D = 15 × 10 −6 m.
FIG. 2:
Time dependence of steam quality X at equilibrium setting for different models: line 1, exact solution (8); line 2, approximation (9) (m = 1, 
, X 0 = 0.25, and ∆T = −12 K (evaporation)]
Size Distribution of the Disperse Phase
Due to the low vapor density, the drop structure of the two-phase medium is characteristic even at small mass vapor content, but at moderate and even large volumetric steam quality (Nigmatulin, 1987) , and it can be used in modeling of intense evaporation in liquid. To determine the relaxation time, we use the model based on the asymptotic solution of the heat problem in superheated water drops of the same size:
where a is the coefficient of thermal diffusivity of the liquid, and R D is the drop radius. In a real situation, there is a range of droplet sizes (Batenin et al., 2010) . Therefore, it is necessary to calculate the effective droplet size for the existing spectrum. The effective size is easy to identify from a simplified analysis of the instability of the water-steam interface: the size of the droplet corresponds to the fastest wavelength destroying the interfacial surface, and is determined by the critical Weber number We cr ≈ 2π (water, liquid, and metals) (Nigmatulin, 1987; Levich, 1959) . According to the model, at the microlevel of the drop the heat required for vaporization is supplied from the superheated liquid. The temperature of the droplet surface is equal to the steam temperature (Landau and Lifshits, 1986) . To calculate the relaxation time, the following formula was proposed:
where σ is the surface tension; C P,L is the specific heat of liquid; and L is the enthalpy of the phase transition. The relaxation time θ is proportional to the squared droplet size that is very sensitive to this parameter. In addition, the characteristic droplet size is determined by the value of We cr , and technically should asymptotically reach the We cr value at large relaxation times. Therefore, the correct choice of the average size remains an important problem. The most reasonable approach is the analysis of the real size distribution of drops obtained from experiments on the fragmentation of the boiling fluid jet at its outflow from the pressure vessel (see, e.g., the review by Polanco et al., 2010) . Figure 4 shows a specific example of such size distribution of drops (Batenin et al., 2010) . The right maximum of the distribution curve is associated with the classical fragmentation of the jet, which is determined by the We cr number and is manifested both for outflows of hot and cold (non-boiling) liquid. The left maximum is explained by the fragmentation of large drops due to their explosive boiling (Polanco et al., 2010) and is not observed in cold liquid.
FIG. 4:
Dependence of the volumetric liquid content on the drop radius at a distance of 60 mm from the nozzle exit at water temperature T = 473 K and pressure p = 8 MPa: 1, R 2 ; 2, R ef ; 3, Rsau; 4, experimental data (Batenin et al., 2010) Applying the procedure for deriving the relaxation equation for a monodisperse medium to the polydisperse discrete distribution, for the mass liquid content X D = i X i we obtain the following model evolution equations:
where
The analysis shows that in a wide range of design parameters for water, the equilibrium model is adequate with sufficient accuracy at θ < 10 −6 to 10 −5 s. Therefore, it was logical to cut off small-sized droplets, in which, for example, θ < 10 −6 s (for the experiment, this corresponds to drops with R < 1.3 µm) (Fig. 5) . Then, we can assume that the liquid in small droplets instantly cools, and the steam simultaneously forms the thermodynamic equilibrium in a vapor-liquid medium. The relaxation is realized for larger drops. The following procedure for selecting the average (characteristic) size of the droplets is proposed: the solution to Eq. (13) is compared with the exponent exp(−t/θ), whose indicator θ is chosen such that this exponent, simultaneously with exact solution (13), reaches a dimensionless value, e.g., 0.01. This is equivalent to the conventional definition of the boundary layer thickness in fluids (Schlichting et al., 1955) .
For choosing the average radius of droplets, Fig. 5 shows time dependences of the mass content of the liquid in the model formulation. The obtained value θ ≈ 5.8 × 10
−5 s corresponds to the drop radius R D ≈ 9.8 µm. The
FIG. 5:
Time dependence of the relative mass fraction of drops (Fig. 4) (1, exact solution, taking into account all drops; 2, exact solution for large drops; 3, approximate exponential solution)
use of exact solutions with a full range of drops significantly reduces the characteristic relaxation time, and its use is impractical. For this reason, it is obviously inexpedient to use the so-called Sauter size as an average size; this is acceptable when the nature of the heat transfer on droplets of different sizes is the same. Unfortunately, many experimental works concerning fragmentation of drops give this particular parameter (Polanco et al., 2010) . In our opinion, to logically complete the construction of the relaxation model it is necessary to carefully process all available experimental data on droplet distribution in the boiling liquid jet, depending on the initial pressure and temperature, and to obtain a reliable empirical formula for the average radius of the droplet and the relaxation time based on the previously proposed algorithm. Further comparison with a more complete verified program or the appropriate precision experiment will serve to make the final selection of the model.
RESULTS OF THE CALCULATIONS
Thermodynamic equilibrium model of the two-phase medium was practically obtained from the general system (1)-(4) at its closure by the equation of state of the equilibrium two-phase mixture. The characteristic time in the relaxation model was obtained by formula (13) based on experimental data (Batenin et al., 2010) on the size of the dispersed phase. Table 1 presents the parameters of the obtained values of θ 2 , θ ef , and θ sau . The relaxation time θ 2 corresponds to the radius R 2 . In Table 1 (based on Fig. 4 ) R 2 corresponds to the maximum of the second peak, the relaxation time θ ef corresponds to the effective radius R ef obtained from the approximate exponential solution (Fig. 5) , and θ sau is the relaxation time built on Sauter radius R sau . The relaxation times θ sau are much less than θ 2 and θ ef and are in the range when the two-phase system of vapor and droplets is close to equilibrium.
The results of numerical calculations at different relaxation times are shown in Figs. 6 and 7. In all of the graphs in Figs. 6 and 7, line 1 corresponds to the equilibrium two-phase system, line 2 agrees with θ 2 , and line 3 agrees with θ ef . For the calculation, the initial data and values of the relaxation times are given in Table 1 . Figure 6 shows the calculation results of the axial pressure profiles and mass vapor content at time moments 100, 150, and 200 µs for water temperature T = 473 K. The vertical dashed line corresponds to the nozzle edge from which the coolant boiling outflows. It may be noted that the velocities of the compression wavefront are different for the equilibrium models of boiling (line 1), relaxation time θ 2 (line 2), and relaxation time θ ef (line 3).
After the aperture opens there is an outward propagation of the perturbation wave, the velocity of which is different for the equilibrium and relaxation models and depends on the characteristic relaxation time, which was confirmed by Landau and Lifshits (1986) . In the calculation for the equilibrium model, there is an instant boiling up of the superheated mixture, and the pressure corresponds to the saturation pressure at each point in time. While using the relaxation model one may observe some delay depending on the preset relaxation time. Analysis of the profiles of mass content showed that the compression wavefront does not significantly affect the change in mass content. The most significant change in the mass content corresponds to the zone of the boiling coolant outflow.
Details of the relaxation processes are well seen in the time dependence of the pressure and mass vapor content. For this analysis, we considered the results of numerical calculations of the evolution of the axial pressure and mass steam quality at distances of 0.5D and 1.5D, which are presented in Fig. 7 for the initial temperature T = 473 K. In all of the graphs in Fig. 7 , line 1 corresponds to the equilibrium two-phase system, line 2 corresponds to θ 2 , and line 3 corresponds to θ ef . The equilibrium curve of the pressure near the nozzle changes abruptly, which is associated with the compression wave propagating in the outer region. The dynamics of the mass steam quality does not change significantly and is at the level of 0.5, which is due to the motion of the compression waves in the equilibrium medium. The compression wave is followed by the outflow of the boiling two-phase flow, which affects the equilibrium curve of the mass vapor content with a steep decrease in value from 0.5 to 0.1. The dynamics of the pressure and mass vapor content for the case of relaxation times θ 2 and θ ef shows a lag from the equilibrium curves. At a distance of 1.5D the curves are similar, but the lag increases significantly.
CONCLUSIONS
A theoretical study of non-equilibrium phase transitions in vapor-liquid media in monodispersed and polydispersed droplet structures has been carried out within the framework of the relaxation model. The previously proposed model has been refined to take into account the influence of the vapor phase, which allows justifying the choice of the characteristic relaxation time.
Comparative numerical simulation of the superheated liquid outflow was performed on the thermodynamic equilibrium and non-equilibrium relaxation models of the phase transition for different relaxation times, which were FIG. 7: Evolution of the axial pressure and mass vapor content at various distances from the nozzle at initial pressure p = 8 MPa and temperature T = 473 K calculated based on the experimental data of the droplet distribution over the radius. This study has shown the possibility of improving the model by processing the experimental data on the size distribution of drops that are formed during the fragmentation of a boiling water jet.
